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ABSTRACT 

The problem of c r i t i c a l  permanent dimensional  changes i n  grades 6061 and 
7075 aluminum a l l o y  va lve  bodies t h a t  occurred dur ing  cryogenic thermal  cyc l ing  
i s  desc r ibed  i n  t h i s  r e p o r t .  A special  f a b r i c a t i o n  process  t o  reduce the  d i s t o r -  
t i o n s  w i t h i n  t o l e r a b l e  des ign  l e v e l s  was developed and a p p l i e d  t o  t e s t  hardware. 

Tes t  da t a  confirmed t h a t  
aluminum a l l o y s ,  b u t  t h e  degree 

t h e  s p e c i a l  process  reduced d i s t o r t i o n s  i n  both 
of d i s t o r t i o n  was aependext u ~ o n  body shape. . 
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1. 

The dimensional i n s t a b i l i t y  experienced i n  t h e  M-1 aluminum valve bodies  
which was caused by r e l a x a t i o c  of r e s i d u a l  s t ress  dur ing  cryogenic thermal  cyc l ing  
was i n v e s t i g a t e d .  The r e s u l t s  cf t h i s  i n v e s t i g a t i o n  a r e  d e l i n e a t e d  i n  t h i s  r e p o r t .  

The i n v 3 s t i g a t i o n  was to dete,mine t h e  causes  of c r i t i c a l  dimensional changes 
i n  t h e  forged-al1minm-n valve bcdies  a s  we l l  a s  t o  develop f a b r i c a t i o n  methods t o  
provide  a s t a b i l i z e d  m a t e r i a l  t h a t  would reduce o r  e l imina te  d i s t o r t i o n s .  

t 

A m e t a l l u r g i c a l  d i scuss ion  concerning t h e  r e s i d u a l  stresses a s s o c i a t e d  wi th  
fo rged  p a r t s  i s  included a long  with t h e  methods devised t o  minimize t h e  e f f e c t s ,  
L-7 -ma+ - + - + L , - + < n m  =f tk.,e yesi<ije'j- st~esscs L.'y L L U L O L L L b U d L U L ~ ,  b 

Comparisons are made between t h e  a c t u a l  t e s t  da t a  from unprocessed and 
processed va lve  bodies .  

Eieccmnendations based spon t h e  r e s u l t s  of t h i s  s tudy a r e  included.  

Aitheugh t h i s  r e p o r t  deals p r imar i iy  wi th  6061 and 7075 a luminm forged  
materials,  it appears  t h a t  t he  problems presented  and the  s o l u t i o n s  o f f e r e d  a r e  
app l i cab le  t o  o the r  aluminum fo rg ing  m a t e r i a l s  f o r  cryogenic a p p l i c a t i o n s .  

I1 . 
The dimensional i n s t a b i l i t y  of the 6061-6 and 7075-T6 and -T73 M-1 gas 

gene ra to r  and s t a r t  system c o n t r o l  valve bodies  was inves t iga t ed .  
was found t o  be caused by the  r e l a x a t i o n  of residual stresses t h a t  occurred du r ing  
crycgenic  thermal  cyc l ing  of  the valve.  
from h e a t  t rea tment  (quenching) and machining opera t ions .  

This  i n s t a b i l i t y  

The residual stresses r e s u l t e d  p r i m a r i l y  

A s p e c i a l  f a b r i c a t i o n  process, incorpora t ing  a r e h e a t  t rea tment  t o  r e l i e v e  
m 6 3 i n i n g  s t r e s s e s  and 8 pressllre s t a b i l i z i n g  operat ior ,  t o  r eve r se  t h e  s t ress  
patt?r=1 r 2 s d t i r . g  f rom tine qAencl ing  operat ion,  was app l i ed  t o  the  t e s t  hardware. 
-cis tes t  harfiware, a l cng  with the  s t a rda rd  processed valve bodies ,  was sub- 
seq&r, t ly  s &  j e c t e d  t c  cryogefiic thermal  cycl ing.  Diametral  change versus  thermal  
cyc le  d a t a  were obtained.  A ccmparison of t h e  da t a  showed the  s p e c i a l l y  processed 
va lve  bodies  experienced less d i s t c r t i o n  dur ing  t h e  thermal  cyc l ing .  

- 

111 s 

During development t e s t s  w i t h  t h e  gas genera tor  ox id i ze r  valve body, 
a dimensicnal  i n s t a b i l i t y  problem cccurred a f t e r  cool ing  t h e  body t o  l i q u i d  n i t rogen  
tempera tures  scd  then  warmirig i t  t o  ambient temperatures .  During t h i s  t e s t i n g ,  
t h e  i n l e t  and o a t l e t  f lange  j o i 2 t s  were e f f e c t i v e l y  sea l ed  a t  ambient tempera- 
t u r e s  and also dar ing  the  f i rs t  leak  t e s t s  a t  l i q u i d  n i t rogen  temperatures .  



However, a f t e r  t h e  j o i n t s  were r e th rned  t o  ambient temperatures ,  excess ive  leakage 
was experienced. C r i t i c a l  d i a m e t r a l  dimensions were changing dur ing  t h e  tempera- 
t u r e  cycle  and were not  r e tu rn ing  t o  t h e  dimensions recorded  p r i o r  t o  t h e  cyc le .  
No d e f i n i t e  p a t t e r n  i n  t h e  dimensional changes from p a r t  t o  p a r t  o r  for a par-  
t i c u l a r  p a r t  subjec ted  t o  a number of temperature cyc le s  was e s t a b l i s h e d .  I n  some 
cases ,  t h e  diameters increased;  i n  o t h e r s ,  they  decreased.  Subsequent t e s t i n g  
v e r i f i e d  t h a t  both t h e  -T6 and -T73 condi t ions  of t h e  gas  gene ra to r  ox id i ze r  
valve 7075 aluminum a l l o y  fo rg ing  were s u b j e c t  t o  t h i s  i n s t a b i l i t y .  S imi la r  t e s t s  
conducted with t h e  6061-~6 s t a r t  valve body and the  7075-T6 gas gene ra to r  f u e l  
valve body proved t h a t  t h e  problem e x i s t e d  with a l l  of t h e s e  aluminum-forged 
p a r t s .  Dimensional changes were noted even a f t e r  24 temperature  cyc les .  

I Page 2 

An acce le ra t ed  program was i n i t i a t e d  t o  d iscover  t h e  cause of t h e  
i n s t a b i l i t y  phenomenon and t o  a r r i v e  a t  a n  optimum s o l u t i o n  t o  t h e  problem. 

B. METALLURGICAL 

1. Alloys and Heat Treatment f o r  Gas Generator Valve Bodies 

Aluminum a l l o y s ,  grades 7075 (A1-5.5Zn-2.5Mg-1.5Cu-O.3Cr-O.2Mn), 
and 6061 (A1-l.OMg-O.6Si-O.2SCu-O.25Cr) a r e  used i n  t h e  M - 1  gas gene ra to r  valve 
bodies .  

The h e a t  t rea tments  app l i ed  t o  t h e  grade 7075 a l l o y s  a r e  e i t h e r  
t h e  - T6 o r  -T73 tempers. The l a t t e r  t reatment  was developed by t h e  Aluminum 
Company of America and i s  used f o r  t h e  prevent ion  of s t r e s s - c o r r o s i o n  cracking;  
t h e  -T6 temper i s  used f o r  grade 6061 a l l o y .  
t i o n  t rea tment  p r i o r  t o  ag ing  t o  ob ta in  age-hardening response.  For grade 7075 
a l l o y ,  s o l u t i o n  t rea tment  i s  performed a t  a temperature  of 860"~ t o  930°F and i s  
followed by a quench i n  water  a t  a temperature  of 150°F t o  212°F. 
of grade 6061 a l loy ,  t h e  so lu t ion- t rea tment  temperature  i s  s l i g h t l y  h igher ,  
960"~ t o  10IO°F, and i s  a l s o  followed by a s imilar  water  quench. 
so lu t ion ing  t rea tments .  The -T6 age f o r  grade 6061 i s  performed a t  345°F t o  
355°F f o r  6 t o  10 h r .  For grade 7075 a l l o y ,  t he  -T6 age i s  performed a t  245°F t o  
255'F f o r  24 t o  28 h r ;  s l i g h t l y  h ighe r  aging temperature  r e s u l t s  i n  t h e  -T73 
temper f o r  grade 7075. The cool ing r a t e  from t h e  ag ing  temperatures  t o  ambient 
temperatures i s  not c r i t i c a l ,  and s t i l l  a i r  cool ing  i s  t h e  s tandard  p r a c t i c e .  

The h e a t  t rea tments  r e q u i r e  a so lu-  

I n  the  case 

Aging fo l lows  

2. Residual  S t r e s s e s  i n  Gas Generator Valve Bodies 

An adverse r e s u l t  of t he  quenching ope ra t ion  dur ing  t h e  so lu t ion -  
t rea tment  cycle  i s  t h e  d r a s t i c  thermal  and s t r a i n  g r a d i e n t s  t h a t  occur causing 
r e s i d u a l  stresses i n  the  gas genera tor  valve bodies .  The normal p a t t e r n  of t he  
r e s i d u a l  stresses i s  one of compression i n  t h e  o u t e r  su r f ace  f i b e r s  and t ens ion  
i n  t h e  core .  However, v a r i a t i c n s  from t h i s  p a t t e r n  are p o s s i b l e  because of t he  
p a r t i c u l a r  geometr ica l  des ign .  

. 



*-- seccrla so. r;3= cf ri's;dddl s- t resses is imcninisg.  3 e  s t r e s s  
i s  i r i t rc i , zed  i r i to  tne fc tg i r -gs  3br ing  IC;& machining of t h e  p a r t  frcm a rcLgh 
f c r g i n g  o r  tzr s t i ~ ' ~ , ,  3nri  rnm;ir,s i r i  :he part-  i f  20: remcved by a n  adequate thermai  
s t r e s s  r e l i e f  ir 3 r e h e a t  t: eatmerit a 

,-ather sol;rc?s cf r . ; isid&l sy resses  are  f a b r i c a t i o n  and assembly. 
rr- A e s e  st.ii+?sses 8 r e  ; ; ~ s l l y  cf smlie: mfig2itude t h m  those  c a w e d  by e i t h e r  
qc;Enchir,g c r  m3:nioing s t r e s s e s .  

3. E f f e c t  G f  R e s i d m l  Stresses arid M e t a l l u r g i c a l  I n s t a b i l i t y  

The e f f e c t  cf r e s i d m l  o r  "lccked-in" stresses i s  t h a t  t hey  are 
t52 ~zir,-Zri~vI: ,rr  frr:e ir prr3-  (ring d i _ s t n r t f c , n  i n  the gas gene ra to r  va lve  bodies .  
+ l a x a t i o n  zf r e s i d b a l  stresses B +  amkierf, temperature or dur ing  cryogenic cyc l ing  
i s  mmi2es ted  a s  a F i a s I i c  d e f o m t i c n  of t h e  valve bodies .  

0 - - -  

I \  
2isTcrr ion  ? i n  aiisc c c z x  from m e t a l l x g i c a l  i r i s t a b i l i t y \ l ! ,  t he  

graciml a r d  :cct-ir-ied ~riclgltfticr c f  ti?e d l q e r s i o r i  phases from s o l i d  solLition, 
le.s-iirlg to A a5 : r a se  cf TI:? lsT-%:e g i?ame! te r  calisirLg shr inkage.  %e dPgree 
of afmr,sic:.=l :9zrig3 r epc r tgd  fL= 31 rri:vL,,m a l leys  f r c m  :he aspez?; cf metal-  
l A r g i z 3 i  p r s z i c i t a t i c n  r?sc~Ccc i s  i:, tz' ordpr  of 5 t o  25 micro in . / in .  p e r  year .  
-ne d i s t f i r t i m  experierized witn t n e  gas genera tor  va lve  bodies  i s  f a r  i n  excess  
of t h i s  m o u - x .  L ~ S ,  i: c a r  ke ccr-ii,ded t 5 a t  t h e  l a r g e  dimensional  changes 
ir, t h e s e  FarTs do r i ~ t  resd: from met s l1 , rg i ca l  i n s t a b i l i t y  a lone ,  b u t  a l s o  from 
r e l a x a t i o n  of r e s i d l a i  StrF-Sses. 

-_ 
- 

Lt. Prozesses  fx- 5-___ 3 1 l ? v i n g  Fes idua l  Stresses 

-_ 
*he m3ny prcc-.sse-s a v 5 i i a t i e  for r e l i e v i n g  r e s i d u a l  stresses 

inc lbde  s u t o f  r e t t age ,  i~e rmomeckhr i ca l  s:r?ss re l ief  mechanical stress r e l i e f ,  
and thermzi  stress r e l i e v i n g .  Astcfretxge afid the-rmal stress r e l i e f  were 
selected L P C B ~ S F  ? t r y  are t h e  rn-sf, &.rcmisir,g and they  were incorpora ted  i n t c  
TZE' spe:i5l F r c z - s a i z g  f:r ?ET g%s g.;.ne,-icr valve kcdies. 

-- ir-i-_~?nzl stress rs l ief  ir,voives thermal  t r e s tmen t  a f t e r  rough 
maThining : c  minimize ' k i t  e x t e n t  cf d i s t o r t i o n  c c z d r r i r g  d z i n g  subsequent f a b r i c a -  
t i c n  cFe'atioris. ?he t ~ e n z i l  stress reliaf i s  a second h e a t  t rea tment  in t roduced  
i n t o  t h e  faLric&ticn s?cI_;+fice af t??  rcs& machir,ir,g m d  p r i o r  t o  a u t o f r e t t s g e .  
3 i 3  prccpss nct cn ly  e l i m i r i E ' , t * s  mcst m3cZining stresses b u t  ensures  compressive 

&xi s t r z s s  r e l i e v i n g  i s  detFrrnir-iig ;OF amoJnt t h a t  eazh dimension should be l e f t  
s t r e s s e s  02 t i e  vaive b c i y  su r fzces .  AP important f a c t o r  r e l a t e d  t o  rough machining 
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over s i ze  a s  a r e s u l t  of t h e  degree of poss ib l e  d i s t o r t i o n  which might occur dur ing  
t h e  main h e a t - t r e a t i n g  opera t ion .  The s i t u a t i o n  encountered with t h e  gas  gene ra to r  
va lve  bodies requi red  an overs ize  of 0.05O-in. on a l l  su r f aces .  This  ove r s i ze  
r e s u l t e d  i n  a s u f f i c i e n t  mass of m a t e r i a l  t o  account f o r  any d i s t o r t i o n  t h a t  might 
occur dur ing  s t r e s s - r e l i e v i n g ,  r ehea t  t rea tment ,  and a u t o f r e t t a g e .  It a l s o  pro- 
v ides  f o r  clean-up i n  subsequent f i n i s h  machining opera t ions .  

C. SELECTED PROCESSES 

It was noted dur ing  t h r u s t  chamber valve development t e s t i n g  t h a t  t h e  
t h r u s t  chamber valve body was appa ren t ly  s t a b l e .  This  body i s  made by welding 
two 6061-~6 body halves  toge the r .  
t h e  gas genera tor  valves and s t a r t  va lve  bodies  i s  t h a t  t h e  t h r u s t  chambervalve body i s  
subjec ted  t o  a hea t  t r e a t  and p res su re  s t a b i l i z a t i o n  a f t e r  t h e  welding i s  completed. 
The t h r u s t  chamber valve body was processed i n  t h e  fo l lowing  manner. The two 
ha lves  were welded toge the r ,  t hen  they  were rough machined, r e h e a t  t r e a t e d  ( s o l u t i o n  
t reated and aged per  MIL-H-6088) t o  t he  -T6 condi t ion ,  proof and l e a k  tested,  and 
f i n i  sh -machined . 

The d i f f e r e n c e  i n  process ing  t h i s  body and 

A s  a b a s i s  f o r  comparison, t h e  gas gene ra to r  valves  and s t a r t  va lve  
bodies  were processed t o  the  fol lowing s tandard  process  condi t ion .  They were 
h e a t  t r e a t e d  t o  the -T6 or -T73 cond i t ion  f o r  7075 aluminum, o r  -T6 cond i t ion  
f o r  6061 aluminum, and then  completely machined. 

It was concluded t h a t  t h e  dimensional  i n s t a b i l i t y  problem was caused 
by r e s i d u a l  s t r e s s e s  t h a t  remain i n  t h e  p a r t  a f t e r  t h e  h e a t - t r e a t  quench and heavy 
machining. These s t r e s s e s  were apparent ly  removed from t h e  t h r u s t  chamber va lve  
body by t h e  s p e c i a l  p rocess  o u t l i n e d  above. Therefore ,  t h e  f a b r i c a t i o n  process  
s e l e c t e d  t o  s t a b i l i z e  the forged  gas genera tor  valve and s t a r t  valve bodies  con- 
s i s t e d  of t h e  fol lowing f i v e  bas i c  s t e p s .  

1. Heat t r ea t  t h e  rough fo rg ing  by normal processes  t o  t h e  d e s i r e d  
f i n a l  h e a t - t r e a t  condi t ion  (-T73 f o r  7075 and -T6 for 6061). 

2. Rough machine t o  w i t h i n  0.05O-in. of  t h e  f i n a l  dimensions. 

3. Again, s o l u t i o n  h e a t  t r e a t  and age t o  t h e  d e s i r e d  f i n a l  temper 
condi t ion .  

4. Pressure s t a b i l i z e  a t  approximately 1.3 times proof p re s su re  of 
t he  f i n i s h e d  p a r t .  

5. Machine t o  t h e  f i n a l  b l u e p r i n t  dimensions. 

The s p e c i a l  p rocess  was s e l e c t e d  based upon t h e  fo l lowing  a n a l y s i s .  
Removal of a r e l a t i v e l y  t h i c k  l a y e r  of m a t e r i a l  (0 .25-in.)  dur ing  rough machining 
upse ts  t h e  balance of r e s i d u a l  s t r e s s e s  t h a t  remain i n  t h e  p a r t  from quenching. 
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The second h e a t - t r e a t  cycle  bhlances t h e  quench s t r e s s e s ,  w i t h  compressive s t r e s s e s  
on a l l  sur faces .  
sure p r i o r  t o  f i n i s h  machinlng shol;ld e l imina te  any p o s s i b i l i t y  of t h e  p a r t  d i s -  
t o r t i n g  dur ing  t h e  valve prcof t e s t .  
permanent d i s t o r t i o n  a t  t h i s  po in t ,  t he  r e s i d u a l  s t r e s s e s  w i l l  have been low.ered, 
which would h e l p  e l imina te  the  i n s t a b i l i t y  problem. Subsequent f i n i s h  machining 
removes only the  su r face  l a y e r  of ma te r i a l ,  and should not  pene t r a t e  i n t o  t h e  
t e n s i l e - s t r e s s e d  core.  

F r e s s u i z i n g  the  body a t  a p re s su re  l e v e l  above the  proof pres-  

I n  add i t ion ,  i f  t h e  p a r t  does r ece ive  a 

. IV. TEST PROrJEXWS 

Thermal cyc l ing  t e s t s  were conducted wi th  finish-machined valve bodies t o  
d e t e z i n e  t h e  .'imPrsicrxl chmges (permanent. r3Tstort.i ons) t h a t  occurred during 
t h e  cyc l ing .  The bodies t e s t e d  included both those  t h a t  rece ived  only t h e  
s t anda rd  h e a t - t r e a t  process  and those t h a t  rece ived  t h e  prev ious ly  descr ibed  
s e l e c t e d  process .  The methods nsed i n  conducting these  t e s t s  a r e  d iscussed  below. 

Z r i t i c a l  diameters were se l ee t ed  a t  each p o r t  on t h e  valve body 
and a c t u a l  dimensions were recorded a t  th ree  o r  fou r  equa l ly  spaced p o s i t i o n s  
(0 degrees ,  60 degrees ,  120 degrees,  or 0 degrees,  45 degrees ,  90 degrees ,  and 
135 degrees)  on t h e  diameters.  The same diameters  and p o s i t i o n s  were used i n  
a l l  subsequent dimensional inspec t ions .  A l l  dimensions were recorded with t h e  
valve body a t  room temperature (68 - + 5OF). 

The valve body was submerged i n  a con ta ine r  f i l l e d  with l i q u i d  n i t rogen  
(-320°F) u n t i l  t he  body temperatures s-tabil ized. The valve body was then  removed 
from t h e  l i q u i d  n i t rogen  (-320°F) bath  and permi t ted  t o  r e t u r n  t o  room tempera- 
t u r e  (68 - + 5'~). 

The dimemion inspec t ion  of t he  diameters  was repea ted  and the  body 
recyc led  f o r  24 cyc les  or u n t i l  no dimensional changes could be de tec ted ,  which- 
e v e r  occurred f i r s t .  

A. E.VfINDAFC0 PROCESS 

I n i t i a l  t e s t s  were conducted using f o u r  d i f f e r e n t  forged  body con- - f i g u r a t i o n s .  These valve bodies  were processed using t h e  fol lowing s tandard  
f a b r i c a t i o n  process .  They were h e a t  t r e a t e d  t o  t h e  -!I6 or -T73 condi t ion  f o r  
7075 aluminum a l l o y ,  2nd t o  t h e  - ~ 6  condi t ion  f o r  6061 aluminum a l l o y  and then  
they  were finished-machined. Tne Furpose of t h e s e  tests was t o  a s c e r t a i n  any 
apparent  e f f e c t s  caLcsed by the  body shape. The bodies t h a t  were t e s t e d  and t h e  
a s s o c i a t e d  h e a t  t reatment  and m a t e r i a l s  a r e  i n d i c a t e d  i n  t h e  fol lowing t a b u l a t i o n .  



Body Configurat ions P a r t  No. 

1. M - 1  GG Oxidizer Valve Body 273868-9 

2. 2 7 3868 - 9 
3. T i t a n  I1 TC Fuel  Valve Body 250220-9 

4. M - 1  6 - in .  Dual S e a l  Test Cel l  263689-9 

5. M - 1  GG Fuel  Valve Body 2 73802 - 9 

M - 1  GG Oxidizer Valve Body 

6. M - 1  S t a r t  Valve Body 2 77998 - 9 

S e r i a l  No. 

0000003 

0000010 

0000140 

0000008 

0000005 

0000013 

M a t e r i a l  and 
Heat T rea t  

7075- "6 

7075- T73 

7075-T73 

7075-T6 

7075-T6 

6061- ~6 

The conf igura t ion  of  t h e  gas  gene ra to r  o x i d i z e r  va lve  body i s  shown 
i n  Figure 1. This u n i t  contained t h r e e  f langes ,  two of which had c l o s e  t o l e r a n c e  
dimensions ( t h e  i n l e t  and o u t l e t  f l a n g e s ) .  
were t e s t e d  on t h i s  7075 aluminum body conf igu ra t ion  (-6 and -T73). The changes 
on the  i n l e t  p o r t  diameters  of t h e  7075-T6 body are  shown i n  Figure 2 and t h e  
changes on the  o u t l e t  p o r t  diameters  a r e  shown i n  Figure 3. The changes on t h e  
i n l e t  p o r t  diameters of t he  7075-T73 body a r e  shown i n  Figure 4 and t h e  changes 
on t h e  o u t l e t  p o r t  diameters  a r e  shown i n  Figure 5. The d i f f e r e n t  p o s i t i o n s  
p l o t t e d  f o r  each diameter co inc ides  with the  p lanes  shown i n  Figure 1. 

Two d i f f e r e n t  s tandard  h e a t  t r ea t s  

The conf igura t ion  of  t h e  T i t an  I1 t h r u s t  chamber f u e l  va lve  body i s  
shown i n  Figure 6. 
s ions .  The s tandard  h e a t  t rea tment  f o r  t h i s  7075 aluminumbody i s  -T73. The 
d i a m e t r a l  changes dur ing  thermal  cyc l ing  f o r  t h i s  u n i t  a r e  shown i n  F igure  7 .  
The d i f f e r e n t  pos i t i ons  p l o t t e d  f o r  each diameter  co inc ide  with t h e  p lanes  shown 
i n  Figure 6. 

This u n i t  conta ins  t h r e e  f l anges  with c lose  t o l e r a n c e  dimen- 

The 6- in .  d u a l  s e a l  t e s t  c e l l  was a s imulated system j o i n t  wi th  
p e r f e c t l y  c y l i n d r i c a l  shape and with s tub  t u b u l a r  s e c t i o n s  a t t a c h e d  t o  t h e  f l ange  
a s  shown i n  Figure 8. The r e s u l t s  of t h e  thermal  cyc l ing  t e s t s  on t h i s  configura-  
t i o n  areshown i n  Figure 9. The d i f f e r e n t  p o s i t i o n s  p l o t t e d  f o r  each diameter  
co inc ide  with the p lanes  shown i n  Figure 8. 

The conf igura t ion  of t h e  gas gene ra to r  f u e l  va lve  body i s  shown i n  
Figure 10. This u n i t  conta ins  f o u r  f l anges ,  a l l  of which had c lose  to l e rance  
dimensions ( t h e  i n l e t ,  o u t l e t ,  a c t u a t o r ,  and p i l o t  valve f l a n g e s ) .  
h e a t  t rea tment  f o r  t h i s  7075 body was -T73. The changes of t h e  i n l e t ,  o u t l e t ,  
a c t u a t o r ,  and p i l o t  valve p o r t  diameters  a r e  shown i n  F igures  11, 12, 13, and 
14 re  s pe c t i ve l y  . 

The s t anda rd  

The conf igura t ion  of t h e  s t a r t  valve body i s  shown i n  Figure 15. This 
u n i t  con ta ins  four  f l anges ,  a l l  of which have c lose  to l e rance  dimensions. The 
s tandard  h e a t  t reatment  f o r  t h i s  6061 aluminum body i s  -T6. 
i n l e t  and o u t l e t  f lange diameters  a r e  shown i n  Figure 16. 
r e t a i n e r  and cover f l anges  a r e  shown i n  Figure 17. 

The changes of t h e  
The changes on t h e  
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Figure 2 

INLET PORT DIAMETRAL CHANGE 
VERSUS NO. THERMAL CYCLES 
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Figure 3 

OUTLET PORT DIAMETRAL CHANGE 
VERSUS NO. THERMAL CYCLES 
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F i g u r e  4 

INLET PORT DIAMETRAL CHANGE 
VERSUS NO. THERMAL CYCLES 

Page 10 



Figure 5 

OUTLET PORT DLAMETRAL CHANGE 
VERSUS NO. THERMAL CYCLES 
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Figure 7 

OUTLET PORT DIAMETRAL C M G E  
VERSUS NO. THERMAL CYCLES 
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Figure 9 

DIAMETRAL CHANGE VERSUS NO. THERMAL CYCLES 
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Figure 11 

INLET PORT DlAMETRAL CHANGE 
VERSUS NO. THERMAL CYCLES 
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F i g u r e  12  

OUTLET PORT DIAMETRAL CHANGE 
VERSUS NO. THERMAL CYCLES 
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Figure 13 

ACTUATOR PORT DLAMETRAL CHBNGE 
VERSUS NO. THERHAL CYCLES 
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F i g u r e  14 

PILOT VALVE PORT DIAMETRAL CHANGE 
VERSUS NO. THERMAL CYCLES 
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F i g u r e  16 

INLET FLANGE DIAMETRAL CHANGE 
VERSUS NO. THERMAL CYCLES 



Figure 17 

RETAINER FIANGE DIAMETRAL CHANGE 
VERSUS NO. THERMAL CYCLES 
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B. SPECIAL PROCESS (STABILIZED) 

Thermal cyc l ing  Lests  were performed us ing  two d i f f e r e n t  body con- 
f i g u r a t i o n s ;  t h e  M - 1  gas genera tor  ox id i ze r  valve body and t h e  T i t a n  I1 t h r u s t  
chamber f u e l  valve body. 
were t e s t e d .  One u n i t  was forged  from 7075 aluminum, h e a t  t r e a t e d  t o  t h e  -T73 
cond i t ion  and then  s t a b i l i z e d .  
t r e a t e d  t o  t h e  -T6 condi t ion ,  and then  s t a b i l i z e d .  
f u e l  valve body was forged from 7075 aluminum, h e a t  t r e a t e d  t o  t h e  -T73 condi t ion ,  
and then  s t a b i l i z e d .  The fo l lowing  u n i t s  were tes ted.  

Two of t h e  M - 1  gas gene ra to r  o x i d i z e r  va lve  bodies  

The o t h e r  u n i t  was forged  of 6 0 6 ~  aluminum, h e a t  
The T i t a n  I1 t h r u s t  chamber 

Body Configurat ion P a r t  No. Ser ia l  No. McLLerial and Heat T rea t  

M - 1  GGOV Body 273868- 9 00000 18 7075 -T73 

M - 1  GGOV Body 707546-9 0000041 6061-~6 

T i t a n  I1 TCFV Body 2 50220- 5 0000233 7075-T73 

The r e s u l t s  of t h e  t e s t  with t h e  7075-T73 s t a b i l i z e d  gas gene ra to r  
ox id i ze r  va lve  body a r e  shown i n  Figures  18 and 19. The r e s u l t s  of t h e  t e s t  
with the  6 0 6 1 - ~ 6  s t a b i l i z e d  gas genera tor  o x i d i z e r  valve body a r e  shown i n  
Figures  20 and 21. The t h r u s t  chamber f u e l  va lve  7075-T73 s t a b i l i z e d  body t e s t  
r e s u l t s  a r e  shown i n  Figure 22. 

C. TEST DATA SUMMARY 

A complete s m a r y  of t h e  maximum t o  minimum and average d i s t o r t i o n s  
experienced wi th  each o f  t h e  body conf igu ra t ions  i s  presented  i n  Table 1. Deta i l ed  
d i scuss ions  of these  da t a  with r e spec t  t o  body conf igu ra t ion  e f f e c t s ,  ma te r i a l s ,  
and h e a t - t r e a t  process  e f f e c t s ,  e t c . ,  fol low.  

1. Configurat ion E f f e c t s  

The da ta  concerning t h e  e f f e c t s  of t h e  body conf igu ra t ion  us ing  
only the  s tandard  h e a t - t r e a t  processed bodies  a r e  summarized below. 

Tota 1 D i s t o r t  i ons  Range of Change 
Body Configurat ion - Por t  ( i n . / i n .  Diameter) l i n . / i n .  Diameter) 

GGOV Body I n l e t  4 . 3  t o  24.5 x 10 20.2 
-4 

-4 -4 

-4 -4 

-4 -4 

GGOV Body Out l e t  2 . 8  t o  6 .5  x io 3.7 x 10 

M - 1  6- in .  T e s t  C e l l  1 . 5  t o  3.6 x io 2 . 1  x 10 

3.8 10 GGFV Body I n l e t  1 . 5  t o  5.3 x i o  
GGFV Body Out l e t  1.8 t o  8.7 x 6.9 
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Figure 18 

INTAT PORT DIAMETRAL CHANGE 
VERSUS No. THERMAL CYCLES 
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Figure 19 

OUTLET PORT DIAMETRAL CHANGE 
VERSUS NO. THERMAL CYCLES 
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Figure 20 

INLET PORT DIAMETRAL CHANGE 
VERSUS NO. THERMAL CYCLES 
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Figure  2 1  

OUTLET PORT DIAMETRAL CHANGE 
VERSUS NO. THERMAL CYCLES 
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Figure 22 

OUTLET PORT DIAMETRAL CHANGE 
VERSUS NO. THERMAL CYCLES 
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Por t  Body Configurat ion - 
GGFV 3 Actua tor  

GGFV Body 

S t a r t  Valve Body I n l e t  

S t a r t  Valve Body Retainer 

S t a r t  Valve Body Ac t ua t or 

S t a r t  Valve Body Out l e t  

P i  l o t  Va lve  

T o t a l  Di. s t  o r t  ions  
( i n . / i n .  Diameter) 

-4 1 .3  t o  8 .1  x i o  
-4 19.4 t o  19.5 x 10 

-4 5 . 1  t o  7.8 x i o  

2.8 to 6 . 1  
-4 

-4 
9.8 t o  9.8 x i o  
7.5 t o  7.5 x 10 

Range of Change 
( i n . / i n .  Diameter) 

-4 6.8 x 10 

0.1 

2.7 

-4 3.3 x 10 

A s  expected, t h e  range of change ( d i f f e r e n c e  between maximum 
and minimum d i s t o r t i o n s )  i n  the  diameters  ( t h e  tendency towards d i s t o r t i n g  
out-of-round) was a func t ion  of t he  shape of t h e  f l ange  and surrounding o r  
ad jo in ing  ma te r i a l .  
c y l i n d r i c a l  shape, t h e  less  the  tendency was t o  d i s t o r t  out-of-round. I n  t h i s  
case,  t h e  range of change was r e l a t i v e l y  sma l l  and t h e  t o t a l  change was smal l .  
Also, i f  t he  diameters were loca ted  wi th in ,  or surrounded by, a r e l a t i v e l y  mas- 
s i v e  sec t ion ,  t h e  range of change was smal le r ,  though t h e  t o t a l  change was 
r e l a t i v e l y  l a r g e .  
f l ange  with c y l i n d r i c a l  ad jo in ing  m a t e r i a l )  e x h i b i t e d  the  sma l l e s t  t o t a l  d i s t o r t i o n s  
with a r e l a t i v e l y  small  range of change. The p i l o t  va lve  p o r t  i n  t h e  gas gene ra to r  
f u e l  valve body (diameters l oca t ed  i n  a heav ie r  mass of m a t e r i a l )  e x h i b i t e d  
r e l a t i v e l y  l a r g e  t o t a l  d i s t o r t i o n s ,  bu t  a sma l l  range.  The o u t l e t  p o r t  on the  
gas gene ra to r  ox id i ze r  valve body ( c l o s e  t o  a c y l i n d r i c a l l y  shaped f l ange  with 
nea r ly  c y l i n d r i c a l l y  shaped ad jo in ing  m a t e r i a l )  a l s o  e x h i b i t e d  r e l a t i v e l y  small 
t o t a l  d i s t o r t i o n s  and smal l  range. The o u t l e t  and a c t u a t o r  p o r t s  on t h e  s t a r t  
va lve  body ( a l s o  near a c y l i n d r i c a l  shape) e x h i b i t e d  r e l a t i v e l y  l a r g e  t o t a l  d i s -  
t o r t i o n s  but  with a sma l l  range. 

The c l o s e r  t h e  f l ange  and ad jo in ing  m a t e r i a l  was t o  a t r u e  

The 6- in .  d u a l  s e a l  t e s t  c e l l  ( a t r u e  cy l ind r i ca l ly - shaped  

There i s  no apparent  c o r r e l a t i o n  between t h e  d i r e c t i o n  of d i s -  
t o r t i o n  (expansion or con t rac t ion )  and the  l o c a t i o n  of t h e  diameter  with r e s p e c t  
t o  t h e  inne r  or ou te r  f i b e r s  (or t h e  c e n t e r )  of t h e  forged  s e c t i o n .  To reach a 
cond i t ion  of equi l ibr ium s t r e s s ,  t h e  fo l lowing  assumption i s  made: diameters  
l oca t ed  near  t h e  inner  f i b e r s  ( r e s i d u a l  compressive s t r e s s e s )  would t end  t o  con- 
t r a c t  and diameters l oca t ed  near  t he  o u t e r  f i b e r s  ( a l s o  r e s i d u a l  compressive 
s t r e s s e s )  would tend t o  expand t o  r e l i e v e  t h e  r e s i d u a l  s t r e s s e s .  
shape of t he  sec t ion  i s  the  predominant governing f a c t o r .  

Apparently,  t h e  

2. Mater ia l s  and Heat-Treat E f f e c t s  on GGOV Body 

The average d i s t o r t i o n  experienced with t h e  s tandard  hea t -  
t r e a t e d  7075 aluminum forg ings  for t he  gas gene ra to r  ox id i ze r  valve body was 
approximately 13.0 x in . / i n .  diameter ,  while  t h e  average d i s t o r t i o n  
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-4 
experienced i n  the s tab i l ized  7075 aluminum forging w a s  approximately 10.5 x 10 
in./in. diameter; an average reduction of 19%. The average d is tor t ion  experienced 
with the s tabi l ized 6061 aluminum forging w a e  approximately 4.5 x le4 in./in. 
diameter; a reduction of 73% over the standard heat-treated 7075 aluminum forgings 
and 57% over the s tab i l ized  7075 aluminum forgings. 

3. Comparimn of Heat Treatments on 6061 Aluminum Forgings 

The average d is tor t ions  experienced with the standard heat-treated 
6061 aluminum start valve body forging w a s  7.0 x le4 in./in. diameter. 
d i s to r t ions  experienced with the s tabi l ized 6061 aluminum gas generator oxidizer 
valve body forging w a s  4.5 x lW4 in./in. diameter. The calculated reduction of 
d i s to r t ion  in the  6061-r6 forging processed by the special fabricat ion method is 2%. 

The average 

Permanent d i s tor t ions  (dimensional i n s t ab i l i t y )  encountered i n  the aluminum 
forgings during cryogenic thermal cycling was caused by residual  s t resses .  The re- 
heat treatment and pressure s tab i l iza t ion  process reduced the d is tor t ions  by approxi- 
mately 2CY$ in the 7075 aluminum forgings and approximately 30% in the 6061 aluminum 
for&. 
eliminate permanent d i s tor t ions  of the aluminum forgings. 

It is doubtful t ha t  a process could be devised tha t  would completely 

The degree of dimensional i n s t a b i l i t y  w a s  dependent upon the mass and shape 
of the finish-machined forging. 
(maximum to  minimum) were smaller in forgings having cyl indrical ly  shaped configur- 
a t ionso  
tended to  be large,  but the range of distor t ions ware small (tends to  maintain 
roundness, f la tness ,  parallelism, e tc .  . Odd-shaped sect ions tended to  experience 
large t o t a l  d i s tor t ions  and a large range of d i s tor t ions  ( d i s t o r t s  out-of-round, 
out-of-flat, e tc .  1. 

Total d i s tor t ions  and the range of d i s tor t ions  

Total dis tor t ions  of areas adjacent t o  and located in massive sect ions 

The 6061 aluminum forgings appeared more s tab le  for  low-temperature thermal 
cycling applications than the 7075 aluminum forgings. 

VI1 . RECOMMENDATIONS 

The re-heat treatment and the pressure s tab i l iza t ion  process described herein 
should be incorporated i n  the fabrication process t o  minimize dimensional i n s t a b i l i t y  
i n  valve bodies and other parts intended for low temperature service. 
t i c u l a r l y  important fo r  valve bodies, housinga, and actuators  t ha t  require c lose 
tolerance dimensions for sealing and proper f i t .  

This is par- 

The advantages of a low temperature s t r e s s  r e l i e f  treatment a f t e r  f i n a l  
machining should be investigated to  further reduce the residual s t r e s s  l eve l  i n  
the valve bodies. 
cer ta in  aluminum a l loy  forgings(2). 
i n  parts where the s t ab i l i za t ion  process alone does not reduce d is tor t ions  within 
tolerable  limits. 

(2)Dimensional S t a b i l i t y  of Aluminum Alloys, Bat te l le  Memorial I n s t i t u t e  Let ter  

A treatment a t  2W°F f o r  24 hours has  been found su i tab le  fo r  
This may be required for  very close tolerances 
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